Meiosis requires that each chromosome find its homologous partner and undergo at least one crossover. X-Y chromosome segregation hinges on efficient crossing-over in a very small region of homology, the pseudoautosomal region (PAR). We find that mouse PAR DNA occupies unusually long chromosome axes, potentially as shorter chromatin loops, predicted to promote double-strand break (DSB) formation. Most PARs show delayed appearance of RAD51/DMC1 foci, which mark DSB ends, and all PARs undergo delayed DSB-mediated homologous pairing. Analysis of Spo11b isoform-specific transgenic mice revealed that late RAD51/DMC1 foci in the PAR are genetically distinct from both early PAR foci and global foci and that late PAR foci promote efficient X-Y pairing, recombination, and male fertility. Our findings uncover specific mechanisms that surmount the unique challenges of X-Y recombination.
M eiotic recombination, initiated by programmed double-strand breaks (DSBs), promotes homologous chromosome (homolog) pairing during prophase I (1) . A subset of DSBs matures into crossovers that physically connect homologs so that they orient properly on the first meiotic spindle. Because sex chromosome recombination and pairing are restricted to the PAR (2), at least one DSB must form within this small region, and the homologous PAR must be located and engaged in recombination to lead to a crossover. Accordingly, the PAR in males exhibits high crossover frequency (2, 3) , but sex chromosomes also missegregate more frequently than autosomes (4) . Nevertheless, X-Y nondisjunction is rare, which suggests that there are mechanisms that ensure successful X-Y recombination.
X-Y pairing is more challenging than autosomal pairing, as it cannot be mediated by multiple DNA interactions along the length of the chromosomes. We used fluorescence in situ hybridization (FISH) (5) to compare timing of meiotic X-Y and autosomal pairing in mice ( Fig. 1) . At leptonema, when DSBs begin to form and only short chromosome axis segments are present, PAR and autosomal FISH probes were mostly unpaired. By early to mid-zygonema, when axes elongate and homologs become juxtaposed, distal ends of chr 18 and 19 were paired in~50% of nuclei; by late zygonema, these regions were paired in nearly all nuclei (Fig. 1B and fig. S1 ). In contrast, the X and Y PARs were rarely paired before pachynema (Fig. 1B) ; hence, X-Y pairing is delayed compared with that of autosomes.
DSBs precede and are required for efficient homolog pairing in mouse meiosis (6, 7) . Nucleuswide ("global") foci of DSB markers RAD51/ DMC1 peak in number at early to mid-zygonema ( Fig. 2A) (8, 9) . Because stable X-Y pairing occurs late, we asked whether PAR DSB kinetics is also delayed (Fig. 2B and fig. S2 ). More than half of cells had no RAD51/DMC1 focus in the PAR before late zygonema (Fig. 2C) , distinct from global patterns. Only when global foci were already declining did the majority of cells (~70%) display PAR foci (Fig. 2C and fig. S2i ). We interpret the lack of PAR foci to indicate that DSBs have not yet formed. Thus, we propose that PAR DSB formation and/or turnover are under distinct temporal control. We cannot exclude the alternative possibility that PAR DSBs have formed but are cytologically undetectable, for example, because RAD51/DMC1 have not yet been loaded onto DSB ends or because foci have already turned over. In either case, DSB dynamics and/or processing differs on the PAR.
Most sites marked by PAR RAD51/DMC1 foci appeared incapable of mediating stable pairing before early pachynema (~70% of late zygotene nuclei had foci, but <20% showed PAR pairing) (Figs. 1B and 2C ). The number of PAR foci per cell also increased over time. In leptonema and early to mid-zygonema, most cells with a PAR RAD51/DMC1 focus had only one (typically on X), whereas by late zygonema, two PAR foci were often present (both X and Y) (Fig. 2C) . Foci on both PARs could represent two independent DSBs. If so, then having more than one X-Y recombination interaction may stabilize pairing, similar to multiple interactions that stabilize pairing of autosomes (10) . Alternatively, foci on both PARs could represent the two, separated ends of a single DSB (11, 12) -with one focus marking the broken PAR and the second focus marking the other PAR ( fig. S3A ). In this "ends-apart" model, nuclei that have two PAR foci are those in which the X and Y PARs have successfully engaged each other. However, we found that most such nuclei showed no evidence of a preferential X-Y spatial relationship ( fig. S3B) , and most PAR pairing occurred abruptly at the zygonema-topachynema transition, i.e., after the stage when many cells displayed two PAR foci (compare Figs. 1B and 2C). Sex body formation (13) may facilitate this sudden completion of X-Y pairing by providing homology-independent X-Y proximity that simplifies the homology search.
The haploid mouse genome averages fewer than one DSB per 10 Mb ( Fig. 2A) , whereas the Only one homolog is shown. DNA organized on a longer axis into more and smaller loops (i) has more DSB potential than if the same DNA is organized on a shorter axis into fewer and larger loops (ii). (E) Examples of chromatin extension (gray brackets in insets); see also Table 1 . Scale bar, 5 mm. (14) undergoes one or two DSBs (Fig. 2C) , which is 10 to 20 times the genome average. We speculated that distinct higher-order chromosome structure could render the PAR more conducive to DSB formation. Meiotic recombination is proposed to occur within DNA segments residing in chromatin loops that become transiently tethered to chromosome axes (15) . Loop density per micrometer of axis is constant (16) and produces an inverse relation between loop size and axis length (17) . DNA arranged into smaller loops may have higher DSB potential ( Fig. 2D ) (18) ; indeed, autosomal crossover frequency in male mice correlates with axis length (19) . We found that PAR axes were disproportionately long relative to DNA length and incorporated~1 Mb per mm of axis (Table 1A) . At the distal ends of chr 18 and 19 (regions with relatively frequent crossing-over) (19) , DNA content was 10 to 13 Mb per mm and correlated well with axis length, i.e., the distal~10% of DNA occupied~10% total axis length (Table 1A) . The ≥10-fold difference between PAR and autosome axes is of the magnitude expected for a region that experiences more than 10 times as many DSBs. Axes of non-PAR portions of the X and Y had a DNA content more like autosomes (≥14 Mb per mm) ( fig. S4 ).
Long PAR axes predict short chromatin loops. As a proxy for loop size, we measured FISH signal extension from axes for probes in the PAR and autosomal subtelomeric regions (Fig. 2E and Table 1B) . PAR FISH signals were substantially more compact at all stages (about one-third to one-seventh as extended), consistent with smaller loops. Thus, chromosome structure could be one factor that facilitates high-frequency DSB formation in the PAR.
The distinct temporal and structural features outlined above raised the possibility that mechanisms ensuring efficient PAR recombination and pairing may be under different genetic control from autosomes. Characterization of a variant of SPO11, the evolutionarily conserved meiotic DSB catalyst (1), validated this hypothesis (Fig. 3) . Two major mRNA splicing isoforms in mice and humans are Spo11a and Spo11b (7, 20-22) (Fig. 3Ai and fig. S5 ). Spo11b is expressed early in meiosis, when most DSBs are formed, whereas Spo11a is expressed later (7, 20, 23) (Fig. 3Aii  and fig. S6A ). Thus, SPO11b is likely responsible for most DSB formation. We generated transgenic mice expressing Spo11b B cDNA ( fig. S5 ) from a meiosis-specific promoter (24) (fig. S6B ). Tg(Xmr-Spo11b B ) transcript expression overlapped with Spo11b mRNA appearance in wild type (Fig. 3Aii and fig. S6 , A and C). In testis extracts of Spo11 -/-Tg (Xmr-Spo11b B ) +/+ (hereafter, "Spo11b-only") mice, SPO11b B protein approximated the total level of SPO11 in wild type (Fig. 3Aiii) ], and these mice were used as controls. The profound meiotic defects of Spo11 -/-mice [no recombination, failure of homolog pairing and synapsis, and infertility (6, 7, 25) ] were mostly rescued by Tg (Xmr-Spo11b B ) in both sexes: Autosomal homologous pairing, synapsis, and MLH1 focus formation (a crossover marker) appeared normal ( Fig. 3Bi and fig. S7A ). Moreover, ovaries of Spo11b-only mice contained abundant primordial follicles ( fig. S7B) , and Spo11b-only females were fully fertile with normal litter sizes. Thus SPO11b B supports autosomal crossing-over, pairing, and synapsis, and (in females) full meiotic progression and accurate chromosome segregation. Male meiosis was not fully rescued, however. Although sex bodies formed ( fig. S7C) , the X and Y failed to pair and synapse in~70% of spermatocytes (Fig. 3B) . Spo11b-only testis sections showed numerous apoptotic metaphase I cells (Fig. 3C ), many with a lagging chromosome (Fig. 3C, inset, and fig. S7D ), consistent with spindle checkpoint-induced apoptosis (9, 26, 27) , triggered by the failure of nonrecombinant X and Y to orient properly on the metaphase I spindle. Few postmeiotic cells were formed, and testis sizes were reduced (Fig. 3C and fig. S7 , D and E), so that although some Spo11b-only males produced offspring, most were infertile.
Nucleus-wide numbers and timing of RAD51/ DMC1 foci were indistinguishable between Spo11b-only and control males (Fig. 3D and fig. S7F ), which indicated that the X-Y pairing defect cannot be attributed to reduced global DSB levels. Similarly, the frequency of PAR RAD51/ DMC1 foci in leptonema was not affected (Fig. 3E) . In contrast, the percentage of late zygotene nuclei with a PAR focus was reduced in Spo11b-only males, consistent with a defect in a late-forming DSB population (PAR-specific, or possibly including a small subset of autosomal DSBs). About 70% of late zygotene nuclei lacked PAR foci (Fig. 3E) , which was similar to the percentage of cells with X-Y pairing failure (Fig. 3Biii) . Thus, the few PAR foci that form early in both wild-type and Spo11b-only males seem to persist until late zygonema ( fig. S4, discussion) , at which time recombination-mediated X-Y pairing occurs. We propose that a lack of late PAR DSBs is the cause of infertility in Spo11b-only males. In females, two fully homologous X chromosomes make PAR recombination dispensable.
Spo11a is the only splice variant missing from Spo11b-only mice that is known to be developmentally regulated, and its expression in wild type correlates with the timing of late PAR DSBs as inferred from the appearance of RAD51/DMC1 foci. It is thus possible that SPO11a, by itself or in combination with SPO11b, is needed for DSB formation in late zygonema. In this scenario, lateforming PAR DSBs are genetically separable from both global DSBs and early-forming PAR DSBs, and the surge of late-forming PAR DSBs is crucial for efficient X-Y pairing and fertility. PAR recombination occasionally fails in humans, as evidenced by paternally inherited sex chromosome aneuploidies [e.g., Klinefelter's or Turner syndromes (28)]. Because Spo11 isoforms are conserved, we speculate that variation in Spo11 splicing patterns may be a human X-Y nondisjunction susceptibility trait. Table 1 . Chromosome axis lengths and chromatin extension in PARs and distal ends of chr 18 and 19. Axis lengths are means T SD and FISH signal extensions are means T SD, for the number of observations in parentheses. Probe size is the size of the bacterial artificial chromosome (5). Efforts to identify the genetic basis of human adaptations from polymorphism data have sought footprints of "classic selective sweeps" (in which a beneficial mutation arises and rapidly fixes in the population). Yet it remains unknown whether this form of natural selection was common in our evolution. We examined the evidence for classic sweeps in resequencing data from 179 human genomes. As expected under a recurrent-sweep model, we found that diversity levels decrease near exons and conserved noncoding regions. In contrast to expectation, however, the trough in diversity around human-specific amino acid substitutions is no more pronounced than around synonymous substitutions. Moreover, relative to the genome background, amino acid and putative regulatory sites are not significantly enriched in alleles that are highly differentiated between populations. These findings indicate that classic sweeps were not a dominant mode of human adaptation over the past~250,000 years.
H umans have experienced myriad adaptations since the common ancestor with chimpanzees and more recently have adapted to a wide range of environments. Efforts to infer the molecular basis of these adaptations from polymorphism data have largely been guided by the "classic selective sweep" model, in which a new, strongly beneficial mutation increases in frequency to fixation in the population [reviewed in (1, 2) ]. In this scenario, the allele ascends rapidly enough in frequency for there to be little opportunity for recombination to uncouple it from its genetic background, such that its rise sweeps out variation at linked sites, reducing linked neutral diversity in the population and distorting allele frequencies and patterns of linkage disequilibrium (3). In humans, the effects of sweeps are expected to persist for approximately 10,000 generations or about 250,000 years (4).
Identifying the footprint of a sweep against a noisy genomic background is challenging, because patterns of genetic variation reflect the effects of multiple modes of natural selection as well as of demographic history, mutation, and recombination. To date, applications of statistical tests based on the sweep model have led to the identification of more than 2000 genes as potential targets of positive selection in the human genome (2) and to the suggestion that diversity patterns in~10% of the human genome have been affected by linkage to recent sweeps [e.g., (5) ]. The list of functionally characterized cases of genetic adaptations is short, however, and the false discovery rate of selection scans is potentially high (6) . Thus, it remains unknown whether the well-documented cases are typical of human adaptations, or whether they represent rare instances where the genetic architecture of the adaptation was conducive to classic sweeps (7, 8) , with most adaptations occurring by other modes (e.g., polygenic selection and selection on standing variation).
Two main lines of evidence have been advanced in support of the hypothesis that classic selective sweeps were common. First, regions of low recombination, in which a single sweep should have a larger span, exhibit lower diversity (after correcting for variation in mutation rates) relative to regions of high recombination (9) (10) (11) . Regions of low recombination also show greater differentiation between populations (12), as expected from local adaptation or, for some parameters, from the fixation of globally advantageous alleles (13).
Second, under the sensible assumption that amino acid and conserved noncoding sites are enriched among targets of adaptation, one would expect that the signal of selection would be most clearly visible at or around such sites [e.g., (10, 14) ]. Consistent with this expectation, diversity levels decrease with the number of human-specific substitutions at amino acid or conserved noncoding sites (in 200-to 600-kb windows) (10) , and genic regions show an enrichment of alleles that are highly differentiated between populations relative to nongenic regions (15, 16) . These patterns are informative but are only indirectly related to theoretical predictions. Moreover, some-possibly allof these patterns may instead result from purifying selection acting on deleterious mutations at linked sites ("background selection") (9) (10) (11) (16) (17) (18) .
To evaluate the importance of classic sweeps in shaping human diversity, we analyzed resequencing data for 179 human genomes from four populations, collected as part of the low-coverage pilot for the 1000 Genomes Project (19) . These data overcome ascertainment biases arising in the study of genotyping data, with~99% power to detect variants with a population frequency above 10% for 86% of the euchromatic genome (19) .
We examined the extent to which selection affects diversity levels at linked sites by calculating the average diversity as a function of genetic distance from the nearest exons, collating all exons across the genome ( fig. S1 ). To estimate neutral diversity levels, we focused only on nonconserved noncoding and fourfold degenerate sites (11) . To correct for systematic variation in the mutation rate, we divided diversity by humanrhesus macaque divergence [to which the contribution of ancestral polymorphism is minor (11)]. Our estimate of relative diversity appears little affected by the low fold coverage of individuals or variation in sequencing depth ( fig. S2, C to E) . Scaled diversity levels are lowest near exons (Fig. 1A and fig. S3 ), recovering half the drop by 0.03 to 0.04 cM, depending on the population, and 80% by 0.07 to 0.1 cM [see (20) ]. Given that diversity is scaled by divergence, the trough in scaled diversity around exons does not reflect systematic variation in mutation rates as a function of the distance from exons, strong purifying selection on the sites themselves (which would decrease both diversity and divergence), or weak selection near exons (which should inflate, not decrease, diversity levels divided by divergence). Rather, the trough provides evidence for the effects of directional selection at linked sites, extending over 100 kb.
